During the past four ski seasons, all 1,141 ski injuries which occurred in a large northern Vermont ski area were evaluated prospectively. Of these injuries, 21.6% involved knee ligaments and 18.6% involved sprains of the medial collateral ligament. Females sustained a disproportionately high incidence of Grade I medial collateral sprains, but suffered the more severe sprains at a rate similar to that of males. Individuals who were smaller, younger, less experienced, and less skilled sustained a higher incidence of Grade I injuries. Skiers suffering complete tears of the medial collateral ligament were no smaller, younger, or less skilled or experienced than our control population. Medial collateral sprains are produced primarily by external rotation and vaigus forces. Two-mode release bindings are insensitive to several loading configurations which could produce knee sprains. Bindings which allow release in roll, shear, and twist at the heel, as well as twist at the toe and forward lean, appear to be necessary to protect the knee.
The relative frequency of knee ligament injuries has remained essentially constant,'-6 while the frequency of other lower extremity skiing injuries has decreased in recent years. We believe that knee ligamentous injuries have not received ade-quate attention in ski injury research. Only one study' devoted to the subject could be retrieved at this time (1976) in our literature search. Tibia shaft fractures and ankle injuries are the focus of most of the previous studies. Recommendations for binding settings have been based primarily on the breaking strength of the tibial shaft,8~ and yet several studies2-6, 10 published through the years reveal that knee ligamentous injuries account for approximately 20% of all ski trauma. In this country alone, 250,000 skiers are injured annually;&dquo;, 12 thus, 50,000 knee ligament injuries occur in the same period. Because ankle injuries have decreased in relative incidence, knee ligamentous injuries have become the most common problem in skiing.
This study is a multifaceted mvestigation of knee ligamentous injuries by epidemiologic comparisons with other injuries and an uninjured control population. The several variables compared are anthropometric measurements, snow conditions, sex, age, ability, and experience. Energy of trauma, ligament stiffness, and injury event mechanics are also studied. A film by Ellison 13 which recorded an accident resulting m a ligament injury was analyzed in detail.
The primary objectives of this study are to establish the mechanism of knee ligament injury in skiing and to establish methods of injury prevention. METHODS Dunng the 1972 to 1973, 1973 to 1974, 1974 to 1975, and 1975 to 1976 ski seasons, we operated a ski injury clinic in the base lodge of the Glen Ellen ski area in northern Vermont. All injured skiers who were brought in by the ski patrol, or personally presented themselves, were requested to participate m our study if they had sustamed an injury while skimg at Glen Ellen dunng the preceding 48 hr. The only exclusions were patients suffering from frost bite and minor cuts and abrasions.
Each injured skier was asked a series of questions concerning physical characteristics, skimg habits, ability and experience, the causes and mechanisms of the accident and the adjustment, and maintenance and previous performance of his ski-bootbmdmg system. Through the years, questions were added, altered, or deleted to better attam the mformation we sought. Whenever possible, the injured skier's equipment was critically evaluated by a trained technician. He observed the type, state of repair, cleanliness and lubrication of the equipment, as well as the correctness of the mounting. The function of the ski-boot-bindmg system was assessed by using specially designed test apparatus incorporatmg the Vermont Release Calibrator (Vermont Ski Safety Equipment Corporation, Underhill, Vermont) during the first three seasons of the study.' Dunng the 1975 to 1976 season, a more sophisticated device was used. Since the results attained by the two methods were not totally comparable, only those release values and allied information obtained during the first 3 years of the study are considered here. Several tests were conducted on one ski-bootbmding system of each subject. These tests included: (1) the determmation of unweighted release values in internal and external rotation (twist at the toe) and in forward lean, and (2) the determination of release values in internal and external rotation (twist) with a forward lean ot 9U% ot the value found to produce a release in the unweighted forward lean test previously done. In the latter test the skier's weight was also applied, thus simulating a slow forward twisting fall.' A control population was selected for testing on the basis of a random number table as the uninjured skiers approached the base lodge, either on skis or from the parkmg lot. The control skiers were evaluated in exactly the same fashion as the injured skiers except questions relating to an injury event were omitted. To determme whether or not our control data provided a representative sample of equipment and skiers, we carried out frequent skier interviews in lift lines or as skiers arrived at the ski area to determine the sex, ability, age, and type of boots and bindings utilized. We also sampled daily the skier's equipment in racks provided outside the mountain's single base lodge facihty.
All mformation was then analyzed using Kruskal-Wallis (KW), Scheffe (S), and x~ tests to determine whether or not significant differences exist between three basic groups. These were: (1) the control (uninjured) group; (2) lower extremity injuries which we had judged on the basis of our questionnaire and clinical evaluation to be related to the failure of their bootbinding-ski system to release properly, i.e., lower extremity equipment related (LEER) group; and (3) all other injuries. The LEER group was further divided into the following subgroups: The major study group consisted of Grade I medial collateral liagament sprains with or without anterior cruciate sprams; Grade II medial collateral sprains with or without antenor cruciate sprains; and Grade III medial collateral ligament sprains with or without antenor cruciate sprains. Two other subgroups were analyzed: other knee ligamentous sprains of all grades and all other LEER mjuries (i.e., tibial fracture, ankle sprains and fractures, heel cord strains, and boot top contusions). In a few specific instances, the tibial shaft fractures were also studied as an isolated group. The gradmg of all ligamentous sprains was based upon the criteria outlined in the Standard Nomenclature of Athletic Injuries. 14 All other injuries were divided into two categories: ( 1 ) non-LEER knee ligamentous injuries (those sprains sustained by the knee which did not occur as a result of failure of the bindmg to release, i.e., collision with a tree, and (2) all other injuries.
RESULTS
During the 4 years of the study, the total injured population was 1,052 and there were an additional 827 skiers evaluated as controls. The 1,052 patients sustained 1,141 injuries, smce 89 had 2 injuries.
Six hundred eighty-eight lower extremity injuries accounted for 60.3% of the total, while the remaining 453 (39.7%) were classified as nonlower extremity injuries. The yearly distribution of lower extremity versus nonlower extremity injury is given in Table 1 . Of the 688 lower extremity injunes, 499 (72.5%) resulted from failure of the binding to release properly. Thus, lower extremity equipment-related injuries accounted for 43.7% of the total.
We found that 21.6% of all ski injuries were knee ligamentous injuries and that 26.8% of the total injuries were found to be knee injuries m all iypcs (Tablc 2).
Since the primary concern of this paper is to evaluate the mechanism of knee injuries, we divided the injuries mto the LEER and non-LEER groups as shown in Table 3 .
The majority of the investigations discussed in the remamder of this paper involve the 195 medial collateral sprains which were deemed LEER injuries. Briefly, we provide our findings on such factors as sex (relative frequency of injury), experience, abihty, snow conditions, anthropometric variables, speed, and energy. In more detail, we relate our results on mechanisms of injury and comparisons with tissue strength and the formulas we used to denve these findings.
The relative frequency of females sustaining medial collateral ligament sprams was higher than that for males (P < 0.005, X2) . However, when looking at the medial collateral ligament injuries by severity, we found that the disproportionately large number of female injuries occurred only in Grade I sprains.
Skier experience is ascertained by the total number of days an individual has skied. We found that the Grade I group had less experience than the control group or Grade III medial collateral hgament group ( P = 0.05, KW). Again dividing the population by sex, the male Grade I and Grade III groups have similar experience, but the female Grade I group has less expenence than the female Grade III group.
Female beginners have a higher frequency of Grade I medial collateral ligament injuries than male beginners. Expert female skiers sustam more Grade I injuries than their male counterparts (P < 0.07, X2) . The Grade III injury group had the same ability level as the control population.
Good edging conditions increase the frequency of medial collateral ligament injuries relative to all nonlower extremity injunes (P < 0.005, Xl).
Males who sustamed Grade I injuries to the medial collateral ligament were shorter and younger than those in the control population (P = 0.05, S). Males with Grade I injuries were also significantly lighter than those with Grade III injunes (P = 0.05, S). Females with Grade I injuries were shorter than their counterparts in the control population. However, there was no mdication that there was any significant difference in age, height, and weight in the Grade III injury group as compared to the control population for either sex.
No trend was seen for speed of the skier at the time of the injury between medial collateral ligament sprains and torsional tibia fractures or between medial collateral sprains and all nonlower extremity injuries. The speed was calculated on the basis of the skier's recollection of the injury event.
The energy available to the injury was established by means of the product of 1/2 W/gvz where: W = skier's weight, g = acceleration, and v = velocity. The skier velocity was estimated by questioning the injured skier. It would appear that medial collateral ligament injuries represent a higher energy of trauma (2,474 ft-lb) compared to tibial fractures (2,246 ft-lb), but this trend was not significant.
Mechanisms of injury
The medial collateral ligament can be disrupted by a pure valgus force, an external rotational torque, or a combination thereof.&dquo;) The specific fibers of the ligament that are torn will be a function of the applied stresses.
Medial collateral ligament mjunes occurred in 213 patients, as compared to only 21 instances of sprams to the lateral collateral ligament complex. Thus, injuries that result from a combination of external rotation and/or valgus force are more than 10 times as common as those resulting from internal rotation and/or varus force.
Dunng the 1974 to 1975 and 1975 to 1976 ski seasons, all injured skiers who sustained LEER medial collateral ligament sprams were asked what direction their tibia was rotated relative to their femur. Of the 106 who sustained such injunes, 88 recalled which way their leg had rotated. Of these, 73.9% felt the tibia externally rotated, but 26.1 % recollected internal rotation. If the entire 106 injured skiers were considered, only 61.3% remembered that their leg was externally rotated.
In an attempt to determine more accurately what occurred, we devised a series of questions last season which allowed us to reconstruct the injury mechanism. Knowing which way the skier was traversing, the direction he fell, and the maneuver he was attempting at the time of his accident, we could reconstruct the accident and ascertain which ski edge was trapped. The direction his leg was rotated was also determmed. However, only 35 of 52 could recall all of the necessary mfonnation and in that group only 68.6% described circumstances which resulted m external rotation. Figure 1 illustrates a valgus force applied at the boot top. For the sake of simplicity, it is assumed that no rotational forces are imparted to this system. Because of the leverage supplied by the tibial shaft and the width of the tibial head, any force applied at the boot top is magnified six times. The breaking strength of the medial collateral ligament (between 170 and 500 lb, i.e., 77.11 and 226.80 kg) has been determmed usmg human bone-ligament-bone preparations of the medial collateral ligament m vivo.&dquo; A mathematical model of the knee which we have devised indicates that the medial collateral hgament complex provides about one-half of the strength of the knee to pure valgus stress.&dquo; Thus, the following formula can be utilized to determine the boot top load which will disrupt the medial collateral ligament:
To prevent a valgus stress of this type requires a roll release (rotation along the axis of the ski) of the binding. This type of stress occurs most frequently when the mside edge of the ski is trapped m the snow and the boot must roll laterally along the BC::~-F ig. 1. Pure valgus force applied at the boot top. CG, center of gravity; leverage, 36 + 6 = 6. axis of the foot if a release is to occur. Figure 1 depicts an idealized situation where the center of gravity of the thigh is fixed and the tibia and foot are free to move. The population at Glen Ellen showed that 80% of the bindings in use did not have the capability of releasing in this mode because they were only designed to allow side to side release at the toe and forward lean release at the heel. It is also conceivable that if the boot-binding interface is totally incarcerated by the snow that the bmding may not &dquo;see&dquo; the force applied to the leg. In that situation, no presently available binding would prevent knee ligamentous injury. Figure 2 diagrammatically depicts a pure torque applied to the right leg of a skier as he catches the inside edge of his ski. As his center of gravity passes down the hill, his trapped ski causes external rotation of the tibia on the femur. The medial capsular ligament (deep medial collateral) would be the first structure to rupture.15 This structure is 3.7 cm in length and extends from the medial femoral condyle (A) to the tibial plateau (B).
A vector analysis of a sprain of the middle-third of the medial capsular ligament (deep medial collateral) is depicted m Figure 3 . Point A on the femur is assumed to remain stationary, while point B on the tibia rotates through the arc B-C, or a radius of motion of 3 cm about the mstant center (D) (a point found by us'6 to be just medial to the center of the tibial emmence of the tibial plateau). Based on our tests, failure of the medial capsular ligament system occurs at 10% strain. (B) . Tibial attachment after external rotation (C). Instant center on tibial plateau (D). B-C is the arch described by tibial attachment of medial capsular ligament. Note that the triangle BCD is m the horizontal plane and the triangle ABC is on the curved surface of a cylinder standing upright.. Resolution of this diagram reveals that the torque at failure is 90 ft-lb. The remaining portions of the knee joint capsule, the geometry of the condyles, and muscle activity all could alter this failure torque somewhat. This failure level is slightly above that of the same individual's tibia fracture strength in torque. Thus, modern bindings capable of twist release at the toe, and which are set properly for the protection of the tibia, can also protect the medial collateral ligament from damage if a pure torque is applied to the ski-boot-binding system.
Comparisons with tissue strength
In order to assess the efficacy of a particular binding system, we utilized several measurements and derived parameters. The measured vanables were the unweighted and weighted release levels; the denved parameters were the system (ski-boot-bindmg) friction coefficient, recommended release setting, the fracture strength of bone, and the disruption strength of the medial collateral ligament. The bending and twisting data were treated separately. The fracture strength of the tibia was based on considerations of the individual's height, weight, and tibia proximal width.9 The strength of the ligaments was derived from our data (M. H. Pope and colleagues, manuscript m preparation) and scaled as a linear function of the anthropometnc vanables. For the skiers injured in forward lean, we calculated the ratios that follow (Fig. 4) :
where Uf = unweighted forward lean torque, Fb = failure strength in bending for bone or ligament, and Wf = weighted forward lean torque. For skiers injured in twist, similar ratios were calculated (Fig. 5 
):
where Uf = unweighted forward lean torque, Ft = failure strength m twisting for bone or ligament, and Wft = weighted forward lean test m twisting mode. Fig. 4 . Forward lean test. A prosthetic lower limb is put into the boot already in the binding and a torque wrench is used to apply a forward twist. In some cases a force (W) equal to body weight is applied so as to force the leg vertically down mto the boot. The forward lean torque to cause release without W is Uf and with W included is Wf Fig. 5 . Twisting test. Here the torque wrench is measuring the release torque in axial rotation with (WIt) and without (Ut) the vertically applied body weight (W).
where AT = change in torque; AT = Wft -U,; and Ut = unweighted twisting release level, W = weight of skier, and h = distance from pivot point of boot to axis of weight of skier.
Cf is a measurement of the difference in behavior of the binding system under nonloaded and under functional conditions, and as such takes into account the frictional characteristics of the boot-binding interface, the intrabinding fnction, the boot-ski interface, and the boot-binding compatibility. The frictional characteristics of the boot-ski interface are, in turn, dependent on the type of antifriction device, the condition of the antifriction device, and the lubrication of the interface. So far as the unweighted ratio is concerned for Grade I, II, and III medial collateral ligament injuries, the bmding release settings are no different than those of controls. The weighted tests show that knee ligament injuries have a higher setting than that of controls. However, all populations have their setting above that recommended and thus are potentially at risk.
DISCUSSION
Our past investigations of variables related to ski injury revealed that females had proportionately more LEER injunes than did males.4 More recently, in a study of tibia fractures produced m skiing, we found that only with knee ligamentous injury were females observed more frequently than expected in the LEER group.' Now it appears that females are only disproportionately susceptible to Grade I medial collateral ligament injuries.
Our previous investigation demonstrated that individuals with less experience and ability, and those who were smaller and younger, were more frequently injured 8 We expected to find similar results in our present study. This was true for those individuals sustaining Grade I medial collateral ligament injuries. However, we found that the average skier who sustains a more severe injury had the same experience and ability as the control population.
Both bones and ligaments resist loading better at high strain rates. However, this trend is much greater for bones than for ligaments. 17 '8 Thus, at low strain rates, bone tends to fail before the ligament. At high strain rates, the opposite is true. Thus, we expected to observe greater speed associated with skiers sustaming knee ligamentous injuries than those suffering from tibial fractures. Even though this trend may exist, we were unable to detect it in our mvestigation. Other factors may be important such as position of knee (flexion) and muscle activity.
Kennedy and Fowler&dquo; have shown with their knee stress machine that external rotation of the tibia on the femur initially produces disruption of the medial capsular ligament (deep medial collateral) followed by the medial collateral and later the antenor cruciate ligament. Kennedy (personal communication, 1976) knows of no way that the medial collateral ligament can be injured secondary to internal rotation without damage to the lateral collateral ligament. One could conceive of an injury mechanism whereby the entire lower extremity was internally rotated without reaching the plastic limits of the ligament-. and then be damaged b j, a pure valgus force. This
loading configuration seems quite unlikely. We analyzed a movie recorded by Ellison&dquo; in which a skier sustained a complete tear of his medial collateral and anterior cruciate ligaments. Stick figures were created for each frame, to depict the relative positions of the body's center of gravity and the femur relative to the tibia. The positions were corrected for change of camera angle and movements of the body segments.
The injury was characterized by a rapid change of body position and a double peak of knee rotation (Fig. 6) . By using the model of the knee devised by Crowninshield et al.,'6 we established that the first peak would have produced a Grade I medial collateral ligament sprain and the second a Grade III injury. The ligamentous disruption could probably have been prevented by a well-adjusted binding with a low friction interface and release m rotation at the heel. Fig. 6 . Rotation of the tibia relative to the femur observed on movte film of a skier as he sustained a severe sprain of his medial collateral ligament. During the first 40 frames, the tibia was actually In some internal rotation and thus is shown below the horizontal axis.
The relative incidence of medial collateral to lateral collateral ligament sprains in our present study implies that the majority of knee sprains are susained by external rotation and/ or valgus forces. This is consistent with Ellison's observations&dquo; of 2,140 skimg falls recorded on motion picture film. He observed that 85% of all skiing accidents result in external rotation of the lower extremity.
Approximately 35% of skiers sustaining medial collateral ligament injuries were unable to provide information which defined an external rotation mechanism. This may indicate their inability to discern the direction of rotation of the tibia relative to the femur during a ski accident.
Evaluation of the effectiveness of conventional bindings for protection of the medial collateral knee ligament was aided by the development of the multiple regression analysis for knee ligament strength. Using this ligament strength data and previously developed tibia strength data, we compared the equipment of the two populations (LEER medial collateral ligament sprains and LEER tibial fractures).' The two groups of equipment were tested in the modes of conventional release, i.e., rotation with release of the toe, and forward lean release at the heel. Comparing the ratio of the release value and the breaking strength of the twn groups shows that if these were the modes of release necessary to protect the ligament, the ligament would be in less danger than the tibia. Since no relative change in the medial collateral ligament injury rate has been noted in the past 40 years, one possible conclusion is that toe rotational release and forward lean release are not adequate to protect the knee ligaments.
Our study indicates that the most probable mechanism of injury includes a large component of external rotation combined with some amount of valgus force. Thus, the question arises, why is rotational release of the toe inadequate for medial collateral ligament protection? If a pure valgus force is considered, it is obvious that the binding must release in shear, or possibly roll, for ligament protection. The case study of the filmed medial collateral ligament injury indicated that another mode of release, rotation at the heel, is a factor in protection of the ligament. Unfortunately, less than 20% of the skiing population have multidirectional release bindings which can provide effective protection for the knee ligaments. It is possible that no reduction in the relative incidence of knee sprains will occur until a large proportion of the skiing population uses multimode release bindings. Additionally, some knee sprains probably occur by incarceration of the ski boot in such fashion as to prevent the binding from sensing loads which can produce an injury (G. Lipe, personal communication, 1976). We believe that this involves a small segment of the injury population.
The evidence gathered from this investigation has led us to the following conclusions:
Medial collateral ligament sprains of the knee are the most common injuries produced in skiing accidents. Although females sustain a disproportionately high incidence of Grade I medial collateral ligamentous sprains, they suffer the more severe sprains at a rate similar to that of males.
Individuals who were less experienced and skilled in skiing 327 and those who were smaller and younger sustained a higher mcidence of Grade I medial collateral sprains. Skiers sustaming complete tears of the medial collateral ligament were no less skilled or experienced than the control population, nor were they smaller or younger. Medial collateral ligament sprains in skiing are produced pnmanly by external rotation and valgus force. Two-mode release bindings are insensitive to several loadmg configurations which can produce knee ligamentous sprains. Bindings which allow release in roll, shear and twist at the heel, as well as conventional release modes (twist at toe and forward lean at heel), appear to be necessary to adequately protect the knee.
